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Abstract
Organic matter biodegradation proceeds via multiple enzymatic reactions, involving
different oxidants as well as a number of intermediate compounds. Microbial
reworking of organic matter can result in a substantial microbial contribution to the
total organic matter pool. The investigations of the mechanisms, which can alter the
microbial metabolism in marine sediments, are essential for understanding diagenetic
processes, especially at those environments with toxic metal concentrations. Metals
can bind with cells components, affecting their functioning. Consequently, the organic
matter oxidation in the cellular metabolism may be affected. By contrast, the carbon
sources are discriminated between labile and refractory organic compounds. The
labile portion of organic matter mainly consists of biopolymers and includes
carbohydrates, lipids, and proteins. The aim of this chapter is to present the main
results of 10 years of studies regarding the organic matter oxidation by bacterial
consortia under toxic metal levels on a tropical estuarine environment surrounded in
part by mangrove areas. As the main find, the chronic dominance of lipids and
carbohydrates at estuaries and mangroves systems may change the bacterial trophic
state from aerobic to anaerobic metabolism. This alteration may reflect on decreasing
both bacterial efficiency of organic matter degradation and bacterial productivity.
Further, when these systems show high levels of metals at the sediment, the metabolic
efficiency is even lower because, although bacteria consortia is able to produce
extracellular polymeric substances (EPS) as defense mechanism, multimetal contam‐
© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
ination may hinder bacterial organic matter oxidation through dehydrogenase
activity inhibition.
Keywords: Organic matter, biopolymers, bacterial consortium, dehydrogenase,
metals
1. Introduction
Bacteria are cosmopolitan unicellular microorganisms that show great metabolic capacity,
allowing them to live in a wide range of environments [1,2]. Although bacteria size can range
between 0.2 and 2.0 μm [2,3], their tiny body do not limit their main features such as rapid
growth, metabolic versatility, genetic plasticity, and ability to rapidly adapt to environmental
changes [1,2]. These features allow a wide earth colonization by prokaryotes, estimated of 4–
6 × 1030 cells [4], influencing biomass production with an amount of 350–550 Pg carbon (1 Pg
= 1015 g). Thus, they correspond to 60%–100% of all carbon produced by plants [4] and
comprise 30%–50% of the particulate matter on sea [5]. Furthermore, they are the main
producer in some estuarine regions [1] and show capacity to live in places with recalcitrant
elements, like metals and industrial effluents [6,7].
Bacteria play an important role in recent diagenesis of organic matter and on nutrient recycling
[8–11]. Originally, the organic matter content is naturally occurring as organic compounds
such as carbohydrates, amino acids, polypeptides, pigments, phenolic substances, lipids, and
other constituents of living organisms [12.13]. During the sedimentation process, only a small
portion of the initial organic matter reaches the bottom sediments because pelagic organisms
can easily take nutrients and food from organic matter in this process, being left refractory
elements in higher proportion [12]. Some microorganism can act transforming highly resistant
enzymatic hydrolysis elements (refractory elements) into polypeptides or fatty acids [14] along
diagenesis [15–19].
Furthermore, bacteria can enhance organic matter quality, transforming refractory elements
(e.g., cellulose) into organic nitrogen compounds (e.g., ammonia, nitrate, and proteins) and
vitamins [20]. During diagenesis, bacteria play an important role on biogeochemical process
of metals, by transforming inorganic to organic forms or by recycling them due to energy
production [15–19]. In this sense, bacteria are important link between biogeochemical cycles
and environment, by taking part in recycling nutrients that pass through the ecosystems,
especially those rich in organic matter.
1.1. Biochemical pathways of microbial organic matter biodegradation
The benthic degradation of organic matter proceeds via multiple enzymatic reactions involv‐
ing different organisms and oxidants as well as a number of intermediate compounds.
Although microbial biomass is only a small fraction of total organic matter in sediments, the
continuous processing of organic matter by benthic microbes, combined with turnover of
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microbial biomass, results in a continuous flux of microbial detritus into the sediment organic
matter pool. In this way, microbial reworking of organic matter can result in a substantial
microbial contribution to the total organic matter pool and may also alter its composition and
thereby change its long-term fate [21]. Furthermore, aerobic and anaerobic biogeochemical
cycles driven by microbial processes in marine sediments are essential for understanding
diagenetic processes [22,23]. These diagenetic mechanisms play a fundamental role on, among
others, the recycling of inorganic carbon and nutrients, the flux of organic carbon, and
ultimately the burial of organic carbon in the sedimentary record.
The microbial community exerts an important influence on the degradability of organic matter.
Microbes can respond to chemical changes across millimeter distances in marine sediments,
thus altering the subsurface chemistry of those sediments, and the chemical changes are
transmitted through sedimentary layers [24]. In this sense, the degradation of the deposited
material is thermodynamically and/or kinetically controlled by the different abilities of the
physiological groups that compete for the common substrate. In cases where the molecular
weight of the substrate is equal or higher than 600 Da, bacteria may release extracellular
enzymes, such as esterases. These enzymes reduce the size of the molecules by hydrolysing
ester bond, allowing the entrance of intracellular carbon source [25].
Organic matter oxidation is coupled to the sequential utilization of terminal electron acceptors,
typically in the order of O2, NO3–, Mn(VI), Fe(III), andSO42− followed by methanogenesis and/
or fermentation. Depending on the degradation pathway, organic matter is directly oxidized
to CO2, partly oxidized to intermediate compounds, or reduced to CH4 [20, 26, 27].
Marine sediments typically become anoxic because the bacteria within them consume oxygen
as it diffuses down from the overlying water. This process establishes a series of sedimentary
layers, within which a different kind of molecule (or ion) accepts electrons from oxygen and
is consumed to form a chemically reduced product. In one of the lower layers, sulfate (SO42–)
is converted to highly toxic hydrogen sulfide (H2S), which accumulates and poisons the
environment for most oxygen-consuming microorganisms. The hydrogen sulfide can, in turn,
be converted into sulfate or other oxidized forms of sulfur by bacteria that use inorganic
material as an energy source [24]. The sulfate-reducing bacteria do not require low H2
concentration for their growth, which gives them a thermodynamic advantage. Besides, in
absence of sulfate, they can use fermentative or acetogenic pathways to produce energy. They
are the main competitors of methanogenic bacteria for the electron donor, such organic matter
and H2, and they release hydrogen sulfide as an excretion, which is an important methano‐
genesis inhibitor. The methane formation is performed through chemosynthesis by methano‐
genic Archaea that fix CO2 and excrete methane. The same microorganisms can reduce nitrate
and iron oxides, with a preference of nitrate. The reduction of iron oxides, sulfate, and carbon
dioxide is made by different physiological groups of bacteria with specific affinities for electron
donors such as acetate and hydrogen. Thus, the reduction of iron oxides occurs preferentially
to the reduction of sulfate and carbon dioxide [28].
Nitrogen is the fourth most common element found in cells and includes the microbially
catalyzed processes of nitrogen fixation, ammonium oxidation, assimilatory and dissimilatory
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nitrate reduction, ammonification, and ammonium assimilation. The biological nitrogen
removal is achieved by nitrification followed by a denitrification process, i.e., (i) aerobic
nitrification of NH4+ by chemolithoautotrophic bacteria to NO2− or NO3− with O2 as the electron
acceptor, and (ii) anoxic denitrification of NO2− or NO3− to gaseous N2 by heterotrophic
microorganisms using organic matter as carbon and energy source [29].
Manganese acts as a catalyst that shapes chemical gradients in the oxygen-deficient zones
because it exists in multiple oxidation states and is recycled rapidly between these states by
bacterial processes. These transformations serve as an electron-transfer system for other
chemical cycles. The manganese may play a dominant role as a catalyst in chemical cycles like
HS−/O2, and the reduction of nitrate by Mn(II), and the oxidation of ammonia by MnO2. These
cycles are thermodynamically favorable in suboxic marine environments [30].
Dissimilatory iron-reducing bacteria are a group of microorganisms that can oxidize organic
matter and reduce Fe(III) to Fe(II) under anoxic conditions. They include both facultative and
obligate anaerobes and can be classified as fermentative, photosynthetic, organic acid-
oxidizing, and hydrogen-oxidizing bacteria [31].
1.2. Bacterial mechanisms of metal resistance and tolerance
Microorganisms can be resistant or tolerant to metal stress. While the resistance is the ability
of a bacteria or bacterial consortium to continue growing in the presence of multimetal
combination in a toxic level, the tolerance is their ability to survive at these conditions [32].
Although some metals are essential elements for organisms, playing a fundamental role on
cellular functioning, they can become toxic depending on their intracellular concentrations.
Metals are important switched elements, and the exposition and natural selection over
thousands of years have made the association between organism and metal so close that
bacteria need these elements in their biological process such as on proteins formation, enzymes
function, and energy production [33, 34]. However, on environments with high metal concen‐
trations, it may bind with nucleic acids, proteins, and enzymes, among others cells compo‐
nents, affecting their functioning [35]. Consequently, the organic matter oxidation in the
cellular metabolism may be affected. Once the metal ions concentration are elevated intracell‐
ularly, they may bind with enzymes such as the dehydrogenases (DHA), which act on the
oxidation–reduction reactions in the electron transport system activities (ETSAs) [36].
In this sense, cells may show regulatory mechanisms that control metals intracellular levels,
keeping it at the minimal inhibitory concentrations values. One of these mechanisms is the
production of a matrix of exopolymeric polymeric substances. The bacteria are embedded in
a biofilm or an extracellular organic matrix that consists extracellular polymeric substances
(EPS) produced by them. Generally, the EPS are composed of carbohydrates, heteropolysac‐
charides, proteins, and nucleic acids. Due to their negatively charged carboxyl and phosphoryl
functional groups, EPS can bind with extracellular metals [37,38]. Thus, the EPS reduce the
bioavailability and activity of the ionizable metal forms, such as Pb, Cd, Co, Ni, Zn, and Cu,
being a survival strategic against toxic flux of metals [37–40].
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Once within the EPS, bacteria may form a complex consortium, with intra- and interspecific
species [1,15,41]. The community helps bacteria to resist against environmental stress due to
connection of different physiological features of these members. Consequently, they spend
less energy on the competition for space, nutrients, or defense [9,10,29,42]. Due to intercellular
communication throughout biofilm, the consortium becomes complex and multicellular,
favoring syntrophic life, where two or more individuals combine their metabolic capacity or
one species lives off the products of another species [41]. In this context, the consortia formation
may help bacteria cells to colonize substrates [15,43], affecting the cycling of both organic
matter and metals [15,18,19,43]. The bacterial consortium is more resistant toward multimetals
than the pure cultures [44].
2. Aim
This chapter is going to present a temporal series compilation of the main results of 10 years
of studies regarding the organic matter oxidation by bacterial consortia under toxic metal levels
on a tropical estuarine environment surrounded in part by mangrove areas.
3. Methods
3.1. Study case
The sample sites of the study case presented in this chapter are located at the Guanabara Bay,
Rio de Janeiro State, Brazil, between 22° 40′–23° 00′S and 043° 00′–043° 18′W. This bay is a
complex tropical estuarine environment and one of the largest bays along the Brazilian
coastline with an area of approximately 384 km2. In the past, each of the 55 rivers might create
a single estuary, each one distinct from the other [45]. These estuaries originally made the
estuarine system of Guanabara Bay ecologically diverse [46]. However, human and industrial
occupation caused the loss of the bay’s diversity and its natural characteristics, as suggested
by data collected in [45, 47–49]
The drainage basin of Guanabara Bay has an area of 4080 km2, and it comprises 32 separate
subwatersheds [50]. However, although 55 rivers carry 4,000,000 t year−1 of solid material
[45,47], only 6 rivers are responsible for near 85% of the 100 m3 s−1 total mean annual freshwater
input [47]. Besides, these few rivers carry tons of untreated sewage directly into the bay [46,48].
Not only sewage but also hazard pollutants are carried and deposited in Guanabara Bay. Along
its drainage basin and its surroundings, there are more than 12,000 industries and two oil
refineries. Also, the bay is the homeport of two naval bases, which release large amounts of
organic and inorganic pollutants into the subwatersheds [51]. To better analyse and compare
the main features, the Guanabara Bay was divided in this present chapter into four main areas
(Figure 1).
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Figure 1. Map of Guanabara Bay divided into four areas. Numbers represent sample points of Sobrinho da Silva et al.
[73]; St points represent samples sites of Sabadini-Santos et al. [78]. Suruí mangrove area is detached.
3.2. Sampling
At Guanabara Bay, the sediment samples were obtained using an Eckman sampler for the mud
and a VanVeen grab sampler for the sand. Another sampling was performed at Suruí man‐
grove, located at the Bay background, inside the Guapimirim Environmental Protection Area
(EPA). This mangrove area is situated in Magé Municipality and shows an area ranging of
80,000–100,000 m2 [13]. Four sediment samples were collected in triplicate, using PVC soil cores
(4.5 × 30.0 cm), and sliced in sections. The study of Suruí and surrounding site is important to
understanding the dynamics of organic matter and metals.
3.3. Analysis
Total organic matter was estimated in triplicates by the calcinations method. Approximately
50 g of wet samples were dried to a constant weight and calcinated. Organic matter was
determined as the differences between sediment dry weight (60°C, 24 h) and weight of the
residue after combustion (450°C, 4 h) [52–54].
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Concentrations of different sources of carbons (carbohydrate, lipids, and proteins) were
determined in separate triplicates using 1 g of sediment samples. All determinations were done
by spectrophotometric methods. Carbohydrates were quantified using glucose as a standard
[55,56]. For lipid analysis, samples were extracted with chloroform and methanol, and
tripalmitin was used as the standard [57]. Proteins were determined with standard of bovine
albumin, fraction V (Sigma) [58,59]. The sum of protein, carbohydrate, and lipid carbon
equivalents was referred to as biopolymeric carbon [60]
The bioavailable organic carbon (%) was determined according to the equation:
(total biopolymeric carbon  100) / total biopolymers)´
The unavailable organic carbon (%) was determined according to the equation:
(100  total biopolymeric carbon)-
Esterase enzyme activity (EST) was based on fluorogenic compounds, which are enzymatically
transformed into fluorescent products that can be quantified by spectrophotometric assay to
[61]. These enzymes act on biopolymers and transform them into low-molecular-weight
organic carbon. Triplicates of 1 g of each sample were analyzed. The results were expressed
in l μg fluorescein h–1 g–1 of sediment. Electron transport system activity (ETSA) was based on
dehydrogenase enzyme activities measurements [62,63]. These enzymes provide equivalents
for ATP synthesis in the electron transport systems. Triplicates of 1 g of each sample were used.
Results from this assay were expressed in μL O2 h–1 g–1 of sediment. Metabolic bacterial activity
on sediment such as aerobic, facultative anaerobic, denitrification, and sulfate reduction was
measured using triplicates of 1 g of each sample on assay tube and specific selective liquid
medium [64].
Bacterial cell was enumerated by epifluorescence microscopy (Axiosp 1, Zeiss, triple filter
Texas Red—DAPI—fluorescein isothiocyanate, 1000× magnification) and using fluorochromes
such fluorescein diacetate or acredine orange and irradiated with UV wave [65].
For metal analyses, the selective extraction analysis was used with both shaking and heating
techniques [66], where 0.500 g of prepared sample was weighed into acid washed polypropy‐
lene tubes and blanks were prepared by taking each extractant, without the sample through
all the preparation procedures prior to analysis. Water-soluble ions were extracted using a
modified version of the [67] technique, where a smaller sample weight (0.5 g) was extracted
with a lower volume of deionized water (2.5 ml), diluted to 10 ml and membrane filtered (0.2
μm), prior to analysis. This extraction protocol was modified to include the organic phase to
ensure better oxidation of organic matter (Lefort aqua regia). An elemental analysis was carried
out using a Perkin Elmer Model 3100 atomic absorption spectrometer.
In order to investigate the metal retention by bacterial biofilm, samples of resistant bacterial
consortia biofilm from bioassays were analyzed through X-ray fluorescence microscopy (XRF).
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The XRF is a nondestructive semiquantitative method that allows to identify as well as to
estimate the concentrations of the elements presents in a multielemental sample at once
analysis. It is based on the evaluation of the energies and intensities (number of detectable X-
rays per unity time) of the characteristic X-rays (fluorescent photons) emitted by the elements
that constitute the sample. Once a sample is irradiated with X-rays, its constitutive elements
can emit fluorescent photons afterward. The element identification is possible because each
element emits fluorescent photons at a given energy. Further, the energy intensity of these
fluorescent photons is related to the element concentration at the sample [68]. The bacteria
consortia used on bioassays were isolated from metal contaminated mangrove sediments. The
bacterial consortia resistant to zinc was incubated at 37°C for 15 days in a liquid medium (sea
water, yeast extract (2 g L–1) and urea (2 g L–1) with 50 ppm of sulfate of zinc). The bacterial
consortium resistant to cupper was cultivated at same condition but with 50 ppm of sulfate of
cupper. As a control, other two cultures with respective consortia were prepared without
metal. After 10 days of incubation, 5 ml of each culture was vacuum filtered through a
membrane filter 0.22 μm, fixed on a support and positioned on a XZ table controlled by a
microcomputer. These analyses were performed through synchrotron X-ray fluorescence
microscopy (microXRF) at the Synchrotron Light National Laboratory (LNLS), São Paulo State,
Brazil (HPGe detector, resolution of 150 eV at 5.9 keV, white beam, pixel size of 20 μm diameter,
45°/45° geometry). To confirm the biofilm formation, the membrane filters were analyzed
through scanning electron microscopy (SEM; Jeol, JSM6460 model; LV, Japan; EDS: Noran
System Six; 20 kV).
4. Results and discussion
Changes in the trophic state of the sediments can be more evident in terms of labile organic
matter composition (proteins, carbohydrates, and lipids) than in terms of organic matter/
organic carbon concentrations [60]. The labile organic matter is the carbon source for benthic
organisms. The oxidation of organic matter, which is an overall estimate of metabolism (aerobic
and anaerobic), can be obtained by measuring the activity of the dehydrogenase enzymes.
However, generally, at polluted environments, the cell exposure to metal ions results in
decrease or inhibition of dehydrogenase activity. Thus, heavy metals distribution within
sediments results from diagenetic processes linked to organic decomposition [69].
In this context, in order to investigate the organic matter oxidation by benthic marine bacteria
exposed to metal stress, the dehydrogenase activity, biopolymer concentrations, and cell
number were tracked from 2003 to 2011 at Guanabara Bay (Tables 1 and 2). As the central
result, at first glance, the ETSA was maintained at high levels, despite high metal concentra‐
tions, indicating the presence of tolerance or resistance mechanisms by bacterial consortia.
Bioassays showed that EPS formation and metal retention by biofilm can be one of these
strategies. However, afterward, both cell number and ETSA decreased along the years.
Meanwhile, the input of organic matter and metals continues to rise. In addition, the anaerobic
metabolism was characterized as the main process of organic matter degradation. Once the
anaerobic metabolism is less efficient than aerobic, the observed decreased on ETSA may be a
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consequence of the also observed decrease on the metabolic rate, which is at least one order of
magnitude on the bacterial cell numbers. The chronic sewage discharge and the metal release
in the Bay are contributing to changes on the bacterial community physiology and biomass,
bringing serious consequences for energy production.
In 2003, at Boa Viagem Beach, located at the east margin of the entrance of Guanabara Bay
(area 4), seasonal variations were observed on ETSA activity. During summer, bacteria reached
108 cells, ETSA achieved highest level (7.48 μl O2 h–1 g–1), followed by the same pattern for
organic matter (1.764 g g–1 of sediment). The mean metal concentrations evaluated are
presented in Table 1. At this point, although the metal concentrations were already higher than
natural background, these levels were not sufficient to inhibit the dehydrogenase activity, and
thus, the bacteria were able to continuing oxidizing organic matter [54].
Year Location Organicmatter
ETSAM
(µl.O2
.h-1.g-1)
EST
(μg of
fluorescein.
h-1.g-1)
Pb
(ppm)
Ni
(ppm)
Cu
(ppm)
Zn
(ppm)
Cr
(ppm) Reference
2003 Boa ViagemBeach
1.764 g.g-1
of sediment 7.48 28 23 8 24 16 [54]
2005 Jurujuba Sound - 3.02-3.38 3.14-3.63 84 63 241 299 116 [70]
2005 Guanabara Bay 5.62 % 1.25-4.69 0.047-0.366 - - - - - [72,73]
Table 1. Bacterial metabolic activity and metal concentrations at Guanabara Bay, Rio de Janeiro State, Brazil.
Two years later, 15 samples were collected at Jurujuba Sound, located at east margin of
Guanabara Bay (area 4), including Boa Viagem Beach. Jurujuba Sound is a harbor, and the high
metal levels found over there were already expected. Both ETSA and EST evaluations were
lower than the previous study at Boa Viagem (Table 1). Such results indicated that, despite the
high levels of metals within sediments, bacterial DHA activity decreased but was not inhibited,
and the microbial community may show some tolerance or resistance mechanism against
metals [70].
In order to investigate the tolerance and resistance through metal retention by bacterial biofilm,
bioassays and X-ray fluorescence analysis were performed, and results showed that even
under elevated metal concentrations (Cu and Zn; 50 ppm), bacteria consortia isolated from
polluted mangrove sediments were able to form biofilm, which, in its turns, was able to retain
the metals (Figure 2) [71].
Once bacterial biofilm has the capability to adsorb metal through chemical interactions with
its constituents [32], resistant bacteria consortia from metal contaminated mangroves are able
to use this adaptation to bind metals and consequently to avoid, or at least to hinder, the metal
negative effects on their metabolisms, allowing them to oxidize organic matter. Furthermore,
the enzymatic analysis showed that the dehydrogenase activity was not affected in the
presence of zinc (50 mg L–1), and a dense biofilm with zinc superposing on it was observed.
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By contrast, although the presence of copper hindered the activity of dehydrogenases during
the bacteria growth’s lag phase, the enzyme activity increased afterward, following the
exponential growth phase, but with lower magnitude when compared with the control
bioassay (without copper). The presence of biofilm was also observed with superposition of
copper, however, in less amounts than zinc bioassays. Without a dense biofilm as a protection
against metal encounter, dehydrogenases activity decreases. However, as biofilm grows,
dehydrogenase activity increases at higher rates during exponential growth, similar to the
event observed for zinc bioassay. In this sense, biofilm may be acting both as metal sequestering
as protector of bacterial cells embedded in the exopolymeric matrix at mangrove polluted
sediments [71].
In 2005, 30 sampling stations were distributed all over the Guanabara Bay, including sampling
stations near to Guapimirim mangrove preservation area. The highest levels of organic matter
were found in area 1, while the high population concentration was observed at area 2 close to
the Guapimirim mangrove. Both EST and ETSA were evaluated at 1.25 to 4.69 μg of fluorescein
h–1 g–1 and 0.047 μL O2 h–1 g–1 to 0.366 μL g–1 h–1, respectively. The microbial community was
characterized through the following anaerobic mechanisms: fermentation, denitrification, and
sulfate reduction. The bacterial consortia formed by sulfate-reducing and sulfate-denitrifying
bacteria sustain the benthic trophic food web in Guanabara Bay, mainly in the regions near to
mangrove areas (2 and 4). The anaerobic bacterial metabolism, besides producing organic acids
and sulfate and releasing nitrogen to the atmosphere, usually produces less intracellular
energy than aerobic organisms, generating, on a macroscale, a low carbon and nutrient cycle
in the anoxic sediment [72,73].
Regarding the carbon sources available for microorganisms, the organic matter quality means
discriminating between labile and refractory organic compounds [78]. The labile portion of
organic matter mainly consists of biopolymers and includes carbohydrates, lipids, and proteins,
which is available to feeding strategies and the distribution of benthic organisms [75,76].
Figure 2. Biofilm formation and metal retention by bacterial consortia resistant to Zn and Cu. from contaminated man‐
grove sediments.
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In this context, in order to investigate the carbon sources present at the Guanabara Bay, studies
performed in 2005 found highest values of organic matter and biopolymers (proteins, carbohy‐
drates, and lipids) near the Guapimirim protected mangrove (area 2) (Figure 1, Table 2) [75,76].
Year Location Organicmatter (%)
Carbohydrate
(mg.g-1)
Lipid
(mg.g-1)
Protein
(mg.g-1)
Biopolymeric
carbon (mg.g-1)
Bioavailable
carbon (%) Reference
2005 Guanabara Bay area 1(sewage input) 5.83-7.06 0.83-1.5 0.6-1.7 0.04-0.06 0.84-1.70 56.8-62.3 [75,76]
2005
Guanabara Bay area 2
(Guapimirim
mangrove)
0.59-6.68 0.210-1.20 0.07-0.50 0.02-0.11 0.19-0.80 46.6-50.3 [75,76]
2005 Guanabara Bay area 3 0.73-6.13 0.55-1.13 0.17-1.23 0.03-0.11 0.30-1.43 49.6-60.4 [75,76]
2005 Guanabara Bay area 4 2.10-6.2 0.61-1.11 0.33-0.62 0.02-0.06 0.52-1.00 52.10-52.9 [75,76]
2008 Guanabara Bay (Suruímangrove) 1.3-4.0 0.3 0.40 0.13-0.27 [13]
2011
Guanabara Bay area 2
(Guapimirim
mangrove)
- 0.12-12.20 0.04-12.78 0.02-0.89 - 31-75 [78]
Table 2. Biopolymer concentrations at Guanabara Bay, Rio de Janeiro State, Brazil.
In 2008, investigations at the mangrove located at northwest of Guanabara Bay (Suruí man‐
grove) showed similar characteristics from surrounding polluted area (Table 2). The organic
matter varied from 1.3% to 4%, with the largest values top layers of cores and highest values
for biopolymeric organic carbon (0.13–0.27 g g–1). The higher biopolymer concentration was
found in the upper layer of sediments. The carbohydrates showed relative highest level (0.3 g
g–1) near Guapimirim mangrove (site 2). Proteins spotted the second highest level with the
highest concentration at site 2, with 0.40 g g–1. The microbial metabolism was anaerobic
(fermentation, denitrification, and sulfate reduction), with high bacterial population on up
sediment layer hydrolyzing organic matter biopolymers, with high esterase enzyme activity
and less ETSA. Due these characteristics, this mangrove promotes the formation of pyrite and
metal retention, which in it turns contributes decreasing the metal availability to microorgan‐
isms and therefore to the other organisms [13,77].
Most recently, in 2011, metal and biopolymers concentrations were evaluated at Guanabara
Bay. Comparing with the earlier studies, biopolymers concentration increased in ten times at
the bay. High biopolymers values were found again at area 2, near to Guapimirim mangrove.
Proteins concentrations showed also lowest values (Table 2). Highest reactive metal concen‐
trations were found associated with finest sediments, high organic content from sludge on
areas 1 and 3, and near entrance of the bay, on Jurujuba Sound. The mean bioavailable carbon
was evaluated on 53% ± 22%. High metal levels were found in areas with high organic matter
content and fine sediments [78].
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The anthropogenic activities, interacting with the complexity of the natural environment, may
undermine the distribution of nutrients [79], microbial physiology 54,72,78,80], physical
parameters [81], and trace elements [82] in marine environments, as well as biological resist‐
ance to the pollution [83,84].
5. Conclusions
The chronic dominance of lipids and carbohydrates, mainly due to sewage discharge at
estuaries and mangroves systems, may change the bacterial trophic state from aerobic to
anaerobic metabolism. This alteration may reflect on decreasing both bacterial efficiency of
organic matter degradation and the bacterial productivity. Although the high levels of metals
at the sediment, bacteria consortia are able to produce EPS as defense mechanisms. However,
although the use of defense mechanisms against metals, the multimetal contamination may
still hinder bacterial organic matter oxidation. Thus, the decrease in organic matter biodegra‐
dation due to toxic metal levels summed to the less efficient anaerobic metabolisms contributes
to degenerating the diversity of microbial benthic communities.
Acknowledgements
The authors would like to acknowledge CAPES-Ministry of Education/Brazil for scholarship,
CNPq and LNLS—Ministry of Science and Technology/Brazil for research funding.
Author details
Simone Pennafirme1*, Inaya Lima2, José Bitencourt1, Mirian Crapez1 and Ricardo Lopes1
*Address all correspondence to: spennafirme@id.uff.br
1 Marine Biology Department, Federal Fluminense University, RJ, Brazil
2 Nuclear Engineering Department, Federal University of Rio de Janeiro, RJ, Brazil
References
[1] Crapez MAC. Bactérias marinhas In: Pereira RC, Soares-Gomes A, editors. Biologia
Marinha. 2nd ed. Rio de Janeiro: Interciência, 2002. pp. 81–101.
Biodegradation and Bioremediation of Polluted Systems - New Advances and Technologies78
[2] Madigan MT, Martinko JM, Parker J, Fernández MG, Pérez MS. Biología de los mi‐
croorganismos. Brock, Prentice Hall; 2003. p. 1012.
[3] Pelczar MJ, Chang ECS, Krieg NR. Microbiologia: conceitos e aplicações. São Paulo:
Makron Books, 1996. p. 556.
[4] Whitman WB, Coleman DC, Wiebe WJ. Prokaryotes: the unseen majority. Proc Nat
Acad Sci. 1998;95:6578–6583.
[5] Zölner E. Structuring effects of mesozooplankton on freshwater and marine microbi‐
al food webs. PhD thesis. Christian-Albrechts-Universität. 2004. p. 351.
[6] Rosenkranz F, Cabrol L, Carballa M, Donoso-Bravo A, Cruz L, Ruiz-Filippi G, Cha‐
my R, Lema JM. Relationship between phenol degradation efficiency and microbial
community structure in an anaerobic SBR. Wat Res. 2013;47:6739–6749.
[7] Ramos C, Buitrón G, Moreno-Andrade I, Chamy R. Effect of the initial total solids
concentration and initial pH on the bio-hydrogen production from cafeteria food
waste. Int J Hydrogen Energy. 2012;37:13288–13295.
[8] Azam T, Fenchel T, Field J, Graf L, Meyer-Reil LA, Thingstad F. The ecological role of
water-column microbes in the sea. Mar Ecol Prog Ser. 1983;10:257–263.
[9] Evans GG, Furlong J. Environmental Biotechnology: Theory and Application. Chi‐
chester: Wiley; 2003. p. 290.
[10] Kreft JU. Conflicts of interest in biofilms. Biofilms. 2004;1:265–276.
[11] Keller L, Surette MG. Communication in bacteria: an ecological and evolutionary
perspective. Nat Rev Microbiol. 2006:249–258.
[12] Premuzic ET, Benkovitz CM, Gaffney JS, Walsh JJ. The nature and distribution of or‐
ganic matter in the surface sediments of world oceans and seas. Organ Geochem.
1982;4:63–77.
[13] Fontana LF, Mendonça Filho JG, Pereira Netto AD, Sabadini-Santos E, de Figueiredo
Jr AG, Crapez MAC. Geomicrobiology of cores from Suruí Mangrove—Guanabara
Bay—Brazil. Mar Poll Bull. 2010;60:1674–1681.
[14] Beguin P, Aubert JP. The biological degradation of cellulose. FEMS Microbiol Rev.
1994;13:25–58.
[15] Azam F, Long RA. Oceanography: sea snow microcosms. Nature. 2001;414:495–498.
[16] Davidson T, Qingdong KE, Costa M. Selected molecular mechanisms of metal toxici‐
ty and carcinogenicity. In: Nordberg GF, Fowler BA, Nordberg M, Friberg LT, edi‐
tors. Handbook on the Toxicology of Metals. Burlington: Academic Press; 2007. pp.
79–85.
[17] Nordberg GF, Fowler BA, Nordberg M, Friberg L. Handbook on the Toxicology of
Metals. Burlington: Academic Press; 2007b. p. 1024.
Organic Matter Biodegradation by Bacterial Consortium under Metal Stress
http://dx.doi.org/10.5772/60980
79
[18] Herrera A, Cockell CS, Self S, Blaxter M, Reitner J, Arp G, Dröse W, Thorsteinsson T,
Tindle AG. Bacterial colonization and weathering of terrestrial obsidian in Iceland.
Geomicrobiol J. 2008;25:25–37.
[19] Decho AW. Overview of biopolymer-induced mineralization: what goes on in bio‐
films? Ecol Eng. 2010;36:137–144.
[20] Madsen EL. Environmental Microbiology: From Genomes to Biogeochemistry. Chi‐
chester: Wiley 2011; p. 496.
[21] Arndt S, Jorgensen BB, LaRowe DE, Middelburg JJ, Pancost RD, Regnier P. Quantify‐
ing the degradation of organic matter in marine sediments: a review and synthesis.
Earth-Sci Rev. 2013;123:53–86.
[22] Ridgwell A, Zeebe RE. The role of the global carbonate cycle in the regulation and
evolution of the Earth system. Earth Planet Sci Lett. 2005;234:299–315.
[23] Ridgwell A, Hargreaves JC. Regulation of atmospheric CO2 by deep-sea sediments in
an Earth system model. Global Biogeochem Cycles. 2007;21; doi:
10.1029/2006GB002764.
[24] Nielsen, LP, Risgaard-Petersen N, Fossing H, Christensen PB, Sayama M. Electric
currents couple spatially separated biogeochemical processes in marine sediment.
Nature. 2010;463:1071–1074.
[25] Weiss M, Abele U, Weckesser J, Welte W, Schiltz E, Schulz GE. Molecular architec‐
ture and electrostatic properties of a bacterial porin. Science. 1991;254:1627–1630.
[26] Prescott LM, Harley JP, Klein DA. Microbiology. McGraw-Hill;2002a; p. 1147.
[27] Sigee D. Freshwater Microbiology: Biodiversity and Dynamic Interactions of Micro‐
organisms in the Aquatic Environment. West Sussex: John Wiley & Sons; 2005. p.
544.
[28] Pizarro C, Donoso-Bravo A, Jeison D, Ruiz-Filippi G, Chamy R. Biofilm formation for
organic matter and sulphate removal in gas-lift reactors. Electron J Biotechnol.
2011;14:3–3.
[29] Kaiser K, Benner R. Major bacterial contribution to the ocean reservoir of detrital or‐
ganic carbon and nitrogen. Limnol Oceanogr. 2008;53: 99–112.
[30] Johnson, KS. Manganese Redox Chemistry Revisited. Science. 2006; 313:1896–1897.
[31] Scala DJ, Hacherl EL, Cowan R, Young LY, Kosson DS. Characterization of Fe(III)-
reducing enrichment cultures and isolation of Fe(III)-reducing bacteria. Res Micro‐
biol. 2006;157: 772–783.
[32] Harrison JJ, Ceri H, Turner RJ. Multimetal resistance and tolerance in microbial bio‐
films. Nat Rev Microbiol. 2007;5:928–938.
[33] Nordberg G, Bruce A, Monica N, Friberg L. Introduction—general considerations
and international perspectives. In: Nordberg GF, Fowler BA, Nordberg M, Friberg
Biodegradation and Bioremediation of Polluted Systems - New Advances and Technologies80
LT, editors. Handbook on Toxicological of Metals. Burlington: Academic Press;
2007a. pp. 1–9.
[34] Nelson DL, Lehninger AL, Cox MM. Lehninger Principles of Biochemistry. 5th ed.
New York: W. H. Freeman; 2008. p. 1100.
[35] Choudhury R, Srivastava S. Zinc resistance mechanisms in bacteria. Curr Sci.
2001;81(7): 768–775.
[36] Rogers EJ, Li SW. Effect of metals and other inorganic ions on soil microbial activity:
soil dehydrogenase assay as simple toxicity test. Bull Environ Contam Toxicol. 1985;
34: 858–865.
[37] Flemming HC, Wingender J. The biofilm matrix. Nat Rev Microbiol. 2010; 8:623–633.
[38] González AG, Shirokova LS, Pokrovsky OS, Emnova EE, Martínez RE, Santana-Ca‐
siano JM, González-Dávila M, Pokrovski GS. Adsorption of copper on Pseudomonas
aureofaciens: protective role of surface exopolysaccharides. J Colloid Interface Sci.
2010;350:305–314.
[39] Ueshima M, Ginn BR, Haack EA, Szymanowski JES, Fein JB. Cd adsorption onto
Pseudomonas putida in the presence and absence of extracellular polymeric substan‐
ces. Geochim Cosmochim Acta. 2008;72:5885–5895.
[40] Morillo Pérez JA, García-Ribera R, Quesada T, Aguilera M, Ramos-Cormenzana A,
Monteoliva-Sánchez M. Biosorption of heavy metals by the exopolysaccharide pro‐
duced by Paenibacillus jamilae. World J Microbiol Biotechnol. 2008;24:2699–2704.
[41] Stams AJM, Plugge CM. Electron transfer in syntrophic communities of anaerobic
bacteria and archaea. Nat Rev Microbiol. 2009;7:568–577.
[42] Matz C. Competition, communication, cooperation: molecular crosstalk in multi-spe‐
cies biofilms. In: Flemming H-C, Wingender J, Szewzyk U, editors. Biofilm High‐
lights. London: Springer-Verlag Berlin Heidelberg; 2011. pp. 29–40.
[43] Pomeroy LR, Williams PJI, Azam F, Hobbie JE. The microbial loop. Oceanography.
2007;20:28–33.
[44] Sprocati AR, Alisi C, Segre L, Tasso F, Galleti M, Cremisini C. Investigating heavy
metal resistance, bioaccumulation and metabolic profile of a metallophile microbial
consortium native to an abandoned mine. Sci Total Environ. 2006;366: 649–658.
[45] Amador EdS. Bacia da Baía de Guanabara: Características Geoambientais e Ecossiste‐
mas. Rio de Janeiro: Interciência; 2012. p. 432.
[46] Ribeiro CH, Kjerfve B. Anthropogenic influence on the water quality in Guanabara
Bay, Rio de Janeiro, Brazil. Reg Environ Change. 2002;3:13–19.
[47] JICA. The Study on Recuperation of the Guanabara Bay Ecosystem. Japan: Interna‐
tional Cooperation Agency. Tokyo: Kokusai Kogyo Co. Ltd; 1994. 67 p.
Organic Matter Biodegradation by Bacterial Consortium under Metal Stress
http://dx.doi.org/10.5772/60980
81
[48] Carreira RS, Wagener ALR, Readman JW, Fileman TW, Macko SA, Veiga Á. Changes in
the sedimentary organic carbon pool of a fertilized tropical estuary, Guanabara Bay,
Brazil: an elemental, isotopic and molecular marker approach. Mar Chem. 2002;79:207–
227.
[49] Baptista Neto JA, Peixoto TC, Smith BJ, McAlister JJ, Patchineelam SM, Patchineelam SR,
Fonseca EM. Geochronology and heavy metal flux to Guanabara Bay, Rio de Janeiro state:
a preliminary study. An Acad Bras Ciê. 2013;85:1317–1327.
[50] Kjerfve B, Ribeiro CHA, Dias GTM, Filippo AM, Da Silva Quaresma V. Oceanographic
characteristics of an impacted coastal bay: Baía de Guanabara, Rio de Janeiro, Brazil. Cont
Shelf Res. 1997;17:1609–1643.
[51] FEEMA. Fundação Estadual de Engenharia do Meio Ambiente Projeto de recuperação
gradual da Baía de Guanabara. Fundação Estadual de Engenharia do Meio Ambiente,
Rio de Janeiro: FEEMA; 1990. p. 128.
[52] Byers S, Mills E, Stewart P. Comparison of methods of determining organic carbon in
marine sediments, with suggestions for a standard method. Hydrobiologia.
1978;58:43–47.
[53] Baptista Neto JA, Smith BJ, McAlister JJ. Heavy metal concentrations in surface sedi‐
ments in a nearshore environment, Jurujuba Sound, Southeast Brazil. Environ Poll.
2000;109:1–9.
[54] Crapez M, Baptista Neto JA, Bispo MGS. Bacterial enzymatic activity and bioavailabili‐
ty of heavy metals in sediments from Boa Viagem Beach (Guanabara Bay). Anuário do
Instituto de Geociências. 2003;26:60–68.
[55] Dubois M, Gilles K, Hamilton JK, Rebers PA, Smith F. Colorimetric method for deter‐
mination of sugars and related substances. Anal Chem. 1958;28:350–356.
[56] Gerchacov SM, Hatcher PG. Improved technique for analysis of carbohydrates in
sediment. Limnol Oceanogr. 1972;17:938–943.
[57] Marsh JB, Weinstein DB. Simple charring method for determination of lipids. Jour
Lipid Res. 1966;7:574–576.
[58] Hartree EF. Determination of protein: a modification of the Lowry method that gives
a linear photometric response. Anal Biochem. 1972;48:422–427.
[59] Rice DL. The detritus nitrogen problem: new observations and perspectives from or‐
ganic geochemistry. Mar Ecol Prog Ser 1982;9:153–162.
[60] Fabiano M, Danovaro R, Fraschetti S. A three-year time series of elemental and biochem‐
ical composition of organic matter in subtidal sediments of the Ligurian Sea (northwest‐
ern Mediterranean). Contin Shelf Res. 1995;15:1453–1469.
[61] Stubberfield LCF, Shaw PJA. A comparison of tetrazolium reduction and FDA hy‐
drolysis with other measures of microbial activity. J Microbiol Methods. 1990;12:151–
162.
Biodegradation and Bioremediation of Polluted Systems - New Advances and Technologies82
[62] Trevors JT. Effect of substrate concentration, inorganic nitrogen, O2 concentration,
temperature and pH on dehydrogenase activity in soil. Plant Soil. 1984; 77:285–293.
[63] Houri-Davignon C, Relexans JC. Measurement of actual electron transport system
(ETS). Activity in marine sediments by incubation with INT. Environ Technol Lett.
1989;10:91–100.
[64] Alef K, Nannipieri P. Enrichment, isolation and counting of soil microorganism. In:
Methods in Applied Soil Microbiology and Biochemistry. Michigan: Academic Press;
1995. pp. 23–186.
[65] Kepner RL, Pratt JR. Use of fluorochromes for direct enumeration of total bacteria in
environmental samples: past and present. Microbiol Rev. 1994;58:603–615.
[66] McAlister JJ, Smith BJ, Curran JA. The use of sequential extraction to examine iron
and trace metal mobilisation and the case hardening of building sandstone: a pre‐
liminary investigation. Microchem J. 2003;74:5–18.
[67] Baruah NK, Kotoky P, Bhattacharrya KG, Borah GH. Metal speciation in Jhanji River
sediments. Sci Total Environ. 1996;193:1–12.
[68] Bousmans, P, Klockenkämper R. Total reflection X-ray fluorescence spectrometry,
Spectrochim Acta Part B. 1989;44:433–549.
[69] Nweke, CO, Okpokwasili GC. Kinetics of dose-response relationship of heavy metals
with dehydrogenase activity in wastewater bacteria. J Res Biol. 2012;2:392–402.
[70] Baptista Neto, JA, Crapez, MAC, McAlister JJ, Vilela, CG. Concentration and bioa‐
vailability of heavy metals in sediments from Niterói harbour (Guanabara Bay/S.E.
Brazil). J Coast Res. 2005; 20: 1–7.
[71] Pennafirme S, Lima I, Bittencourt JA, Crapez MAC, Lopes RT. Microbial biofilm
study by synchrotron X-ray microscopy. Radiat Phys Chem. doi:10.1016/j.radphy‐
schem. 2015.05.04.
[72] Silva FS, Pereira DC, Sanchez-Nunez L, Krepsky N, Fontana LF, Baptista-Neto JA,
Crapez MAC. Bacteriological study in the superficial sediments of the Guanabara
Bay, RJ, Brazil. Braz J Oceanogr. 2008;56(1): 13–22.
[73] Sobrinho da Silva F, Bitencourt JAP, Savergnini F, Guerra LV, Baptista Neto JA, Cra‐
pez MAC. Bioavailability of organic matter in the superficial sediment of Guanabara
Bay. Anu Inst Geocienc—UFRJ. 2011;34:52-63.
[74] Mayer LM, Schick LL, Sawyer T, Plante CJ, Jumars PA, Self RL. Bioavailable amino
acids in sediments: a biomimetic, kinetics-based approach. Limnol Oceanogr.
1995;40:511–520.
[75] Jumars PA, Penry DL. Digestion theory applied to deposit feeding. In: Lopez G, Ta‐
ghon G, Levinton J, editors. Ecology of Marine Deposit-Feeders. Lecture Notes on
Coastal and Estuarine Studies. New York: Springer-Verlag; 1989. pp. 114–128.
Organic Matter Biodegradation by Bacterial Consortium under Metal Stress
http://dx.doi.org/10.5772/60980
83
[76] Graf G. Benthic-pelagic coupling: a benthic view. Oceanogr Mar Biol Ann Rev.
1992;30:149–190.
[77] Machado W, Borrelli NL, Ferreira TO, Marques AGB, Osterrieth M, Guizan C. Trace
metal pyritization variability in response to mangrove soil aerobic and anaerobic oxi‐
dation processes. Mar Poll Bull. 2014;79:365–370.
[78] Sabadini-Santos E, da Silva TS, Lopes-Rosa TD, Mendonça-Filho JG, Santelli RE, Cra‐
pez MAC. Microbial activities and bioavailable concentrations of Cu, Zn, and Pb in
sediments from a tropic and Eutrothicated Bay. Water Air Soil Pollut. 2014; 225:1–11.
[79] Wagener ALR. Constraints to the implementation of effective environmental man‐
agement in coastal areas of developing countries. An Acad Bras Ciê. 2005;77:613–623.
[80] Fonseca EM, Baptista Neto JA, Crapez MC, McAllister JJ, Fernandez MA, Bispo MGS.
Bioavailability of heavy metals in Guanabara Bay, Rio de Janeiro (Brazil). J Coast Res.
2009;56:802—806.
[81] Nixon SW. Eutrophication and the macroscope. In: Andersen JH, Conley DJ, editors.
Eutrophication in Coastal Ecosystems: Towards better Understanding and Manage‐
ment Strategies. Lund: Springer; 2010. pp. 5–19.
[82] Adriano DC. Trace Elements in Terrestrial Environments: Biogeochemistry, Bioavail‐
ability, and Risks of Metals. New York: Springer; 2001. p. 533.
[83] Nevo E, Noy R, Lavie B, Beiles A, Muchtar S. Genetic diversity and resistance to ma‐
rine pollution. Biol J Linn Soc. 1986;29:139–144.
[84] Bitencourt J, Pereira D, da Silva Neto I, Crapez MC. Evaluation of the sensitivity to
zinc of ciliates Euplotes vannus and Euplotes crassus and their naturally associated bac‐
teria isolated from a polluted tropical bay. Environ Sci Pollut Res. 2014; doi:10.1007/
s11356-014-3828-1.
Biodegradation and Bioremediation of Polluted Systems - New Advances and Technologies84
